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A B S T R A C T
Background: Abscission of young fruitlets is a widespread phenomenon in fruit trees termed
‘physiological fruitlet drop’ (PFD). For some fruit crops, the rate of PFD is agriculturally sufﬁcient,
and in many cases too intense. In apples (Malus domestica) PFD is insufﬁcient since without additional
fruitlet thinning, fruits will not reach commercial size and trees will enter a cycle of alternate bearing. An
apple inﬂorescence contains 5–6 ﬂowers, the terminal king ﬂower is the ﬁrst to initiate, the ﬁrst to reach
anthesis, and is considered the fruitlet with the lowest chance to go through PFD. The last ﬂower to
initiate and later reach anthesis is termed lateral 1 (L1), and it has the highest probability to enter PFD. A
better understanding of the PFD process might lead to more precise thinning procedures. The current
hypothesis is that the ‘sink strength’ of the L1 fruitlet is weak compared to king fruitlet, thus L1 will enter
a nutritional shortage which will lead to its developmental arrest and abscission. Based on this
hypothesis, we assumed that the concentration of carbohydrates (soluble sugars and starch) would be
highest in king and lowest in L1.
Results: We traced the level of different soluble sugars and starch in the different ﬂowers/fruitlets in the
apple inﬂorescence, before anthesis and during the early development of the apple fruitlet. Sugar levels
were indeed higher in king compared to L1 at initial stages, even before anthesis. While this result nicely
ﬁt the consensus hypothesis, we considered it might be an artifact caused by the different developmental
stages reached by each ﬂower within the inﬂorescence. When we normalized the collection of different
ﬂowers within an inﬂorescence to a certain developmental stage and not to a date, the differences in
sugar level were reduced or non-existent.
Conclusions: While carbohydrates are clearly essential for young fruitlet survival, our ﬁnding suggests
that the ability of L1 fruitlets to collect sugars is not reduced compared to other fruitlets in the cluster,
just slightly delayed. If a nutritional shortage indeed occurs in L1 fruitlets, the type of chemical in
shortage, or the cells that suffer from this shortage, are still unknown.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The majority of fruit in most apple cultivars develop on 2 or
more year old short (minor internode elongation) branches termed
spurs. Dormant inﬂorescence-containing spur buds are released in
the spring. While the terminal, 4–6 ﬂower inﬂorescence reaches
anthesis, axillary meristems from one or two expanded leavesAbbreviations: PFD, physiological fruitlet drop; DAFB, days after full bloom; L1,
lateral 1.
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4.0/).below the inﬂorescence, develop shoots, termed ‘bourse shoots’,
which, until winter, will add another year of sympodial growth to
the spur, and may terminate with next year’s inﬂorescence. Within
the inﬂorescence, the relative time each ﬂower initiates (summer)
and later reaches anthesis (spring) appears to be programmed by
their position. Within the inﬂorescence, the terminal ‘king ﬂower’
is the ﬁrst to initiate, and the ﬁrst to reach anthesis while the last
ﬂower to initiate and the last to reach anthesis is termed lateral 1
(L1) [1].
Most apple cultivars are self-incompatible [2], thus requiring the
presence of a different cultivar at near proximity, and the presence of
pollinators (bees) for fertilization. In commercial orchards normally
most ﬂowers are fertilized, set fruit, so that each inﬂorescence-
containing spur initially carries 4–6 developing fruitlets [2,3].e under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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many of these fruitlets abscise. The abscission rate of the different
ﬂowers within an inﬂorescence is not uniform, and the survival
pattern is to some extent predictable based on the ﬂower’s position
within the inﬂorescence. Normally, the L1 fruitlet has the highest
rate of abscission, while the king and lateral ﬂower adjacent to it,
termed lateral 3 (L3), have the highest rate of survival [1]. The
number of fruitlet surviving the PFD period per inﬂorescence
is highly dependent on genotype, and environmental conditions
[3–5]. In cv. ‘Golden Delicious’, assuming no intervention
(additional thinning), the number of fruitlets remaining in each
inﬂorescence is 2–4 [1].
This selective abscission of young fruitlets, which also occurs in
non-stressed trees grown under optimal conditions, was termed
‘correlatively-driven abscission’ or ‘physiological fruitlet drop’
(PFD) [6,7], the latter term will be used here. The intensity of PFD
may be inﬂuenced by the tree’s physiological state and by
environmental conditions [4,8]. While the end result is similar,
clearly PFD is a different process than ‘senescence-driven
abscission’ which describes abscission of mature/ripe fruit [7].
PFD is not speciﬁc to apples, it occurs in many fruit crops, such
as avocado and mango, and in these latter species it is of concern to
farmers, since the number of fruitlets remaining on the tree is often
less than what the tree is capable of carrying to maturity [9]. In
most apple cultivars, the amount of fruitlets within an inﬂores-
cence remaining after natural PFD is actually too high. The ﬁnal
size of fruits, when more than 2 fruits remain per inﬂorescence, is
small and non-commercial [10]. In addition, in many cultivars, the
presence of more than one fruit per inﬂorescence will prevent the
adjacent bourse shoot from forming an inﬂorescence during
summer, thus this spur will not bear any fruit in the following year
[6,11,12].
The current horticultural solution for improving the ﬁnal size
and quality of the remaining fruits is ‘‘fruit thinning’’. The most
commonly used fruit thinning technique is applying, at different
time points after full bloom, plant hormones such as auxins and
cytokinins, which promote additional abscission [13]. Unfortu-
nately, the same speciﬁc chemical thinning protocol can some-
times lead to exaggerated abscission and loss of yield, and at other
times have little effect on fruitlet abscission, thus requiring
additional hand thinning [13]. It seems logical to assume that the
effect of an applied plant growth regulator on abscission under
ﬁeld conditions is modulated by several parameters, including
the physiological state of the tree, the rate of natural PFD, and the
climate conditions during and after the treatment [4]. Thus, the
more we understand the PFD process, and gain tools to measure its
intensity, the better we can design precise tools for fruitlet
thinning.
Fruitlets require imported assimilates to survive, acting as
‘sinks’. Apple cultivars in which spurs contain fewer leaves, appear
to have a higher abscission rate of fruitlets [14]. Apple fruitlet
abscission can be triggered by removal of leaves and also by
shading treatment of the whole tree or isolated branches at early
stages of fruit development [15]. In a state of competition, a fruitlet
with a high ‘sink strength’ will likely accumulate more assimilates
than a neighboring fruitlet with low ‘sink strength’, thus the former
fruitlet would appear to have a higher chance of survival. There is
evidence of competition for assimilates not only between fruitlets
of the same cluster and between clusters but also between the
developing bourse shoot and fruitlets [16,17].
Since the king fruitlet has a higher survival rate than the L1
fruitlet, one possibility is that the king fruitlet is a stronger (more
dominant) sink than the L1 fruitlet. Indeed, this possibility was
termed ‘correlative dominance’ or ‘king fruit dominance’
[1,7,18]. According to this model, as a weak sink, the L1 fruitlet
will enter a nutritional shortage, leading to developmental arrestand abscission. If a fruitlet’s nutritional status can be evaluated by
measuring concentrations of soluble sugars and starch, one would
expect that toward PFD, higher concentrations of these carbohy-
drates would be measured in king fruitlet relative to L1 fruitlets.
In apple cv. ‘Gloster’, a comparison of already abscising fruitlets
to persisting ones, showed higher soluble reducing sugars and
sucrose levels in seeds and cortex of abscising fruitlets, indicating
that metabolism persists in fruit that abscise [19]. In a separate
experiment studying cv. ‘Golden delicious’ fruitlets 10 days
before abscission (15 days after petal fall), L1 fruitlets had a higher
concentration of sucrose than the king and L3 fruitlets, which are
fated to survive [1]. This accumulation of sucrose toward
abscission was hypothesized to be a reaction to sugar starvation
and other stress, as part of a sugar signaling response leading to
abscission and not of improved nutritional status [1,20]. Apparent-
ly the more appropriate developmental time to measure differ-
ences in the nutritional status of the different fruitlets, would be
closer to fruit set.
Here we attempted to measure soluble sugars and starch
concentrations of king versus L1 cv. ‘Golden delicious’ fruitlets at
early stages of development, to try and verify a difference in
nutritional status, which will later lead to the hypothesized sugar
starvation response of L1 fruitlets. Indeed, when comparing
fruitlets from the same inﬂorescence, the king fruitlets initially
contained a higher concentration of sugars. Yet, the L1 ﬂowers, are
lagging 2–4 days behind the King ﬂowers and will set fruit 2–4
days later [2,21]. When we compared fruitlets of a similar
developmental stage, king fruitlet sugar levels were not signiﬁ-
cantly higher. Our ﬁndings suggest that the ability of L1 fruitlets to
collect sugars is not reduced compared to other fruitlets in the
inﬂorescence.
2. Results
Between the fruitlets in the apple inﬂorescence, king fruitlets
are destined to survive the PFD while the L1 fruitlet is destined to
abscise. Soluble sugar levels within the king and L1 ﬂowers were
measured at full bloom in both 2013 (Fig. 2A) and 2014 (Fig. 2B).
Indeed, in agreement with the nutritional status model, the
concentration of sucrose, glucose, and fructose was signiﬁcantly
higher in king, compared to L1 ﬂowers in both years (Fig. 2A and B).
The levels of sorbitol were actually slightly higher in L1 ﬂowers.
The above result is a snapshot of two ﬂowers, each at a different
developmental stage (one at anthesis, and the other, lagging by 2–4
days; Fig. 1). We asked what are the changes in sucrose
concentration at different developmental state of the king ﬂower/
fruit, which is fated to survive. A clear pattern became apparent:
sucrose concentrations were higher up to anthesis, and signiﬁcantly
reduced from 4–5 DAFB till 11–15 DAFB (Fig. 2C and D). On the other
hand, when studying sucrose levels of L1 ﬂowers/fruitlets from the
same inﬂorescence, the highest sucrose concentration was reached
when king fruitlets were 4 days after anthesis. At this point sucrose
concentration in this L1 fruitlet was higher than in the king fruitlet
(Fig. 2D). Thus, at that time point, sucrose concentrations did not
support the hypothesis that the L1 fruitlet was under nutritional
stress.
Recently, a positive correlation was shown between starch
content in the avocado ﬂower’s style at anthesis, and the success
rate of the ﬂower to set fruit that will survive the PFD [22]. We
looked at starch levels as a different indicator of nutritional status
and did not see any major differences between the two fruitlets
(Fig. 2E).
The L3 lateral fruitlet normally does not abscise, so that its fate
is similar to the king fruit [1]. The L3 ﬂower reaches anthesis in the
same day or perhaps only shortly delayed after the king ﬂower
(Fig. 1) [2]. We compared the sugar levels of these two ﬂowers and
Fig. 1. Phenological stages of the apple inﬂorescence. cv. ‘Golden delicious’. (A) Three phenological stages of the inﬂorescence: (I) before full bloom, when the king ﬂower is at
the ‘balloon’ stage; (II) full bloom, when the king ﬂower is at anthesis, and the L1 ﬂower is at balloon stage; (III) petals abscised from king fruitlet; L1 ﬂower at anthesis. This way we
could normalize our sampling to the same phenological stage. (B) King and L1 ﬂowers from the same inﬂorescences in (A), phenological stages I, II, III. Scale bar is 0.1 cm.
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(Fig. 3B) and fructose (Fig. 3C), concentrations were higher in king
ﬂowers at balloon stage (5 days before full bloom). Later on, no
differences in sugar levels were detected between the two fruitlets,
both destined to survive. Sorbitol levels (Fig. 3D) were similar in
the two ﬂowers/fruitlets from the ﬁrst sampling point.
Since the calendar date in which the L1 fruitlet reached its highest
sucrose concentration was later than the date in which the king
fruitlet reached its highest sucrose concentration, we suspected that
these differences might be due to the different developmental stages
of the two ﬂowers, in each calendar date [21,23].
We characterized 3 phenological stages of the inﬂorescence: (I)
before full bloom, when the king ﬂower is at the ‘balloon’ stage; (II)
full bloom, when the king ﬂower is at anthesis, and the L1 ﬂower is
at balloon stage; (III) petals abscised from king fruitlet; L1 ﬂower at
anthesis (Fig. 1). This way we could normalize our sampling to the
same phenological stage.
We compared sucrose levels in king and L1 at the same
developmental stage, by sampling each type of ﬂower from a
different inﬂorescence (for example, ﬂowers at anthesis were
taken from inﬂorescence II for king ﬂower, and inﬂorescence III for
L1 ﬂower; Fig. 4A). At anthesis, sucrose levels were only slightly
(and not signiﬁcantly) higher in king ﬂowers compared to L1
ﬂowers. Four days after anthesis, sucrose levels remained at a
similar level in L1 fruitlets, and decreased, as described above, in
king fruitlets. As a result, the sucrose levels were higher (yet not
signiﬁcantly higher) in L1 fruitlets. By 7 days after anthesis, sucrose
levels were low and similar in both fruitlet, and by 11 days after
anthesis, sucrose levels were even higher in L1 fruitlets. This is
consistent with previous ﬁndings, showing that 15 days after petal
fall, L1 fruitlets had a higher concentration of sucrose than the king
and L3 fruitlets [1]. Thus, the higher survival rate of king fruitlet
compared to L1 fruitlet, is not correlated with initial higher sucrose
levels in the surviving fruitlet. No signiﬁcant difference betweenfruitlets of the same developmental stage was found in glucose
(Fig. 4B) fructose (Fig. 4C) or sorbitol (Fig. 4D) concentrations.
3. Discussion
Despite the fact that the process of PFD is highly investigated,
the signal that triggers fruitlet abscission is yet to be discovered
[24]. There is contradicting evidence regarding carbohydrate
shortage as a trigger toward abscission of young fruitlets [4].
Apple inﬂorescences are an excellent model system to study the
inﬂuence of carbohydrate status on PFD. The clear hierarchy
between ﬂowers and fruitlets within the inﬂorescence, allows us to
predict which fruitlets will abscise or survive, providing us with an
opportunity to compare the contents of the two types of fruitlets
before abscission [1,24]. The king and L3 fruitlets will most likely
survive, while L1 will most likely abscise. The intermediate L2
fruitlets have medium survival rates. According to the ‘correlative
dominance’ model, the L1 fruitlet is a weak sink and will enter a
nutritional shortage, leading to developmental arrest and abscis-
sion [1,7,18].
Our results suggest that the higher survival rate of king fruitlet
compared to L1 fruitlet, is not correlated with higher carbohydrate
levels in the surviving fruitlet, before PFD onset. By normalizing
our sampling to the same phenological stage in ﬂower/fruitlet
development, up to 11 DAFB, no signiﬁcant difference was found in
sucrose (Fig. 4A), glucose (Fig. 4B), fructose (Fig. 4C) or sorbitol
(Fig. 4D) concentrations between king and L1.
Given that apple is a deciduous fruit tree, growth and
respiration at bud brake rely on the trees reserves. As a result,
reserves reach their minimum at anthesis [25], thus developing
fruitlets require an import of newly synthesized carbohydrates.
Indeed, natural variation between cultivars or agrotechnical
manipulations, which alter the amount of available carbohydrate,
dramatically affect PFD rate.
Fig. 2. Carbohydrate content in king and L1 from the same inﬂorescence. Samples
(ovary and ﬂower tube only) were examined for their sucrose, glucose, fructose and
sorbitol levels using an analytical HPLC system. (A and B) Different sugar levels at
full bloom in the spring of 2013 (A) and 2014 (B). (C) Sucrose level in the king fruitlet
during early development, at 2013. (D) Sucrose level in king and L1 at different stages
in 2014. (E) Starch content as glucose equivalents (see materials and methods) in
samples from 2013. (A and B) Asterisks represent a signiﬁcant difference in the level of
a speciﬁc sugar between the two types of fruitlets, according to Student’s t test
(P  0.05). Average of biological repeats (trees; n = 3–5) is presented standard error
(bars), 5–10 ﬂowers/fruitlets per tree per time point. Asterisks in D, E represent a
signiﬁcant difference between treatments according to Tukey–Kramer HSD (P  0.05).
Different letters in C represent a signiﬁcant difference in sucrose level between the
different time points, according to Tukey–Kramer HSD (P  0.05).
Fig. 3. Carbohydrate content in king and L3 ﬂower/fruitlet from the same
inﬂorescence. Samples (ovary and ﬂower tube only) were examined for their
sucrose (A), glucose (B), fructose (C) and sorbitol (D) level in 2014, as in
Fig. 2. Average of biological repeats (trees; n = 3) is presented standard error (bars),
5–10 ﬂowers/fruitlets per tree per time point. Asterisks represent a signiﬁcant
difference between treatments according to Tukey–Kramer HSD (P  0.05).
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cious’ trees for 5 days, at 14–21 days after full bloom, caused a
massive fruitlet drop. The same treatment at a later time point,
44 DAFB, did not affect fruitlet abscission [15], perhaps due to abuildup of reserves till that date. When, instead of shading the
whole tree, fruit bearing shoots were defoliated and girdled
(preventing both local production of carbohydrates, and import
from other branches) this also led to accelerated fruitlet abscission
[15]. A similar experiment in lychee gave similar results [26].
Girdling an apple fruit bearing spur at full bloom (preventing
export of assimilates to other branches), resulted in a reduced rate
of PFD, compared to control (un-girdled), for both king and lateral
fruitlets [7]. Also, tracking structural differences in different apple
cultivars, found lower rates of PFD in cultivars in which spurs
contain more leaves [14].
An experiment conducted back in 1985, in apple cv. ‘Golden
Delicious’, compared unthinned trees, and manually thinned trees,
leaving only the terminal ﬂower (king) in the inﬂorescence at full
bloom [27]. They show that thinned trees had a reduced PFD rate,
and the remaining fruit reached a higher weight at maturity.
Despite the fact that the fruitlets in the manually thinned trees had
signiﬁcantly lower chance to abscise, they did not have higher
sugar level (sucrose, glucose, fructose and sorbitol) in the
developing fruitlets, at the period before PFD onset [27].
Fig. 4. Carbohydrate content, in king and L1 ﬂowers at same developmental stage.
Samples (ovary and ﬂower tube only) were examined for their sucrose (A), glucose
(B), fructose (C) and sorbitol (D) level in 2014, as in Fig. 2. Average of biological
repeats (trees; n = 3) is presented standard error (bars), 5 ﬂowers/fruitlets per tree
per time point. Asterisks represent a signiﬁcant difference between treatments
according to Tukey–Kramer HSD (P  0.05).
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carbohydrate in the tree or fruit bearing spur level, dramatically
affect PFD rate, we wanted to see if there are any evidence for
alteration in carbohydrate level between the different fruitlets in
the inﬂorescence, correlating with the different survival rate.
Some apple genotypes in which, in addition to the fact that L1,
L2 fruitlets have a higher chance to abscise, were found to have an
anatomical difference in king ﬂower pedicel structure [5]. These
pedicels, aside from regular vascular bundles, contained, within
the pith, additional amphivasal (xylem layer encircling central
phloem cells) bundles [5]. Perhaps the additional means of
transport to these speciﬁc fruitlets provide them with an
advantage. Indeed, in one of these genotypes, higher levels of
sorbitol were detected in the king compared to L1 fruitlet pedicel
before fruitlet drop [5].
Tracking the sucrose level in apple cv. ‘Golden delicious’,
approximately 10 days before PFD period began, L1 fruitlets had a
higher level of sucrose than the king and L3 fruitlets, which are
fated to survive [1]. Also, a class of king fruitlets, categorized as
small in size, which are naturally prone to survive the PFD, are
induced to abscise using benzyl-adenine (BA) as a chemical
thinning treatment, at 15 DAPF (days after petal fall) [1]. In the
chemically treated fruitlets, sucrose level was lower at 21–23
DAPF, while the untreated fruitlets, which will probably survive,
had higher sucrose level [1]. Thus, it appears that there was nosimple direct correlation between carbohydrate level and fruitlets
survival rate.
The rare sugar trehalose-6-phosphate appears to act as a signal
molecule in plants [28], indicating the sugar availability [29], and is
also induced by sugar starvation [30]. Fruitlets destined to abscise
were shown to express higher levels (compared to non-abscising
fruitlets) of transcripts encoding a protein similar to TREHALOSE-
6-PHOSPHATE SYNTHASE [1], suggesting they might accumulate
higher levels of this rare sugar. When studying transcriptome
changes within king versus L2 seeds, the latter (prone to abscise)
displayed an enrichment of pathways related to metabolism,
transport and response to sugars [31].
Clearly these ﬁndings suggest that toward abscission one can
detect changes in signaling or metabolic sugars, but we could not
ﬁnd conclusive evidence that the ability of the different fruitlets in
the inﬂorescence to collect sugars can explain the differences in
PFD rate.
4. Conclusion
PFD is a highly regulated process, which is simultaneously
inﬂuenced and activated in response to both environmental and
physiological factors [4]. A certain level of carbohydrates is clearly
essential for young fruitlet survival, and an overall increase in
available carbohydrates seems to reduce, up to a certain level,
fruitlet abscission. Toward abscission there are clear metabolic
changes in fruitlets, some related to sugar metabolism, and in some
examples, the fruitlets about to abscise actually contain higher
levels of certain sugars. This phenomena was suggested to be a
response to sugar starvation, which would mean that at an earlier
point, fruitlets that will end up abscising, managed to accumulate
less sugars. In apples, we can test this hypothesis since we can
predict in advance, based on position, which fruitlets will abscise.
L1 ﬂowers reach anthesis 2–4 days after the king ﬂower, and their
fruitlets will likely abscise. Our ﬁndings suggest that the ability of
L1 fruitlets to collect sugars is not reduced compared to other
fruitlets in the inﬂorescence. A ‘snapshot’ of an inﬂorescence at a
certain time point shows that the different fruitlets within the
inﬂorescence contain different levels of sugars. Our data suggest
that this is the consequence of uniform developmentally triggered
changes in sugar levels, likely caused by changes in import or sugar
metabolism. The ‘snapshot’ catches each fruitlet at a different
developmental stage, thus with different sugar levels, yet this is
likely not the reason for abscission of speciﬁc fruitlets. If indeed L1
fruitlets suffer from a nutritional shortage before PFD onset, the
type of chemical shortage or the cells that suffer from this shortage
are yet to be discovered [4,24].
5. Material and methods
5.1. Plant material and treatment
Experiments were conducted at the spring of 2013 and
2014. Trees were trained with standard horticulture practices, in
a commercial apple orchard at the ‘Matityahu’ research station of
the Agricultural Research Organization (ARO), in Northern Israel
(3380400400 N, 3582700400 E, altitude 667 m). Trees in the experiment
are from the cultivar ‘Golden Delicious’, grafted on M9 rootstock
(Malus  domestica ‘Golden Delicious/M9’), planted in 1997. Trees
were selected in the spring of 2013 and 2014, based on their level
of ﬂowering. Trees were graded according to their intensity of
ﬂowering, from 0 (not ﬂowering) to 5 (strongly ﬂowering). All the
trees in the experiment were strongly ﬂowering in the spring
(ﬂower intensity of 5). Trees were not chemically or hand thinned.
The deﬁnition of ‘full bloom’ within an apple orchard is that in
most inﬂorescences within a tree, the king ﬂower and L3, L2
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anthesis ‘balloon’ stage (Fig. 1). The date of full bloom (FB) was
April 8, 2013; April 6, 2014. The biological repeat in the experiment
is a tree. Different ﬂowers in the inﬂorescence were identiﬁed as
previously described by others [1].
Our aim was to study sugar levels in tissues leading to fruit, or in
young fruitlets. An apple fruitlet is formed from the ovary and
ﬂower tube [32] so at early stages, we sampled this speciﬁc region
within the ﬂower (Fig. S1).
Supplementary Fig. S1 related to this article can be found, in the
online version, at doi:10.1016/j.neps.2015.06.003.
5.2. Choice of samples for starch and sugar measurements in the
different ﬂowers/fruitlets of the inﬂorescence
Inﬂorescences were chosen randomly, on both sides of the tree,
and marked according to their phenological stage (I, II, III; see
results). The different ﬂowers in the inﬂorescence were marked
according to their position [1]. Samples were collected in the same
time of day, 11–12 AM. In the 2013 experiment, 5 trees were
sampled at full bloom, 3 trees were sampled at 5–10 DAFB, each
sample constituted of 10 ﬂowers/fruitlets. In the 2014 experiment,
3 trees were sampled throughout the examination period (5 to
11 DAFB), each sample constituted of 5 ﬂowers/fruitlets (7 ﬂowers
per sample were collected at the ﬁrst time point (phenological
stage I; see results). Samples were immediately (in the ﬁeld) frozen
in liquid nitrogen, and later stored at 80 8C until further analysis.
5.3. Starch and sugar determination
All plant materials were lyophilized, prior to sugar and starch
determination. After lyophilization, samples were ground using a
mortar and pestle and then weighed (for future normalizing
measurement to dry weight). Carbohydrate content was quantiﬁed
as described by others [33]. Soluble sugars were extracted in 80%
(w/v) ethanol, and incubated in 100 8C for 2 min. After centrifuga-
tion of the samples, the supernatant was collected to a new
‘collection tube’ (this step was repeated 3 times, into the same
‘collection tube’), and then evaporated in a dry bath overnight.
After evaporating the supernatant, sugars were re-dissolved in
ddH2O and ﬁltered through a 0.45-mm membrane HPLC ﬁlter
(Acrodisc syringe ﬁlters, Pall Corporation, USA). Sugars were
separated in an analytical HPLC system (‘‘Intelligent System’’
JASCO, Japan) ﬁtted with a Sugar-Pak I column (6.5 mm  300 mm;
Waters, Milford, MA, USA) using a refractive-index detector
(Kontron instruments, Switzerland).
In 2013 experiment, we tracked 3 different sugars – sucrose,
glucose and fructose, at 0, 5, 10, 15 DAFB. In 2014 experiment, we
tracked 4 different sugars – sucrose, glucose, fructose and sorbitol,
at 5, 0, 4, 7, 11 DAFB.
After soluble sugars were extracted from the samples, starch
content was determined. Starch was converted into glucose by
amyloglucosidase (from Aspergillus niger; Sigma–Aldrich). Starch
content as glucose equivalents was determined using a Glucose
(HK) Assay Kit (Sigma–Aldrich).
5.4. Statistical analysis
Data presented as average of biological repeats (trees), and
analyzed by one-way analysis of variance (ANOVA) using JMP
version 10 software (SAS Institute, Cary, NC, USA). Differences in
sugar and starch level between the different samples were
determined by Student’s t tests. In multiple comparisons, Tukey–
Kramer HSD was implemented. Statistical signiﬁcance was deter-
mined at P  0.05. In cases of unequal variance the statistical tests
were conducted on transformation to ranks of the values.Acknowledgements
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